Introduction-Cancer is a devastating disease; however, several therapeutic advances have recently been made, wherein EGFR and its family members have emerged as useful biomarkers and therapeutic targets. EGFR, a transmembrane glycoprotein is a member of the ERBB receptor tyrosine kinase superfamily. EGFR binds to its cognate ligand EGF, which further induces tyrosine phosphorylation and receptor dimerization with other family members leading to enhanced uncontrolled proliferation. Several anti-EGFR therapies such as monoclonal antibodies and tyrosine kinase inhibitors have been developed, which has enabled clinicians to identify and treat specific patient cohorts.
Introduction

Epidermal Growth Factor Receptor (EGFR)
Cancer is a complex, multifactorial and devastating disease that has baffled researchers over the years. Recently, many investigators have demonstrated that over-expression of receptors and growth factors, oncogene activations and tumor suppressor gene inactivation are the root causes for the development of an aggressive and resistant cancer phenotype. Dysfunctions in intracellular signaling pathways have also been implicated in the development and progression of cancer. It thus becomes imperative to understand the functional roles of altered signaling pathways during neoplastic transformation as it may provide new clues towards identifying aberrant events that lead to this disease and enable us to develop strategies to prevent and treat cancer at an earlier stage.
Stanley Cohen, Nobel Prize Laureate in Physiology/Medicine, discovered epidermal growth factor (EGF) 25 years ago and elucidated its role in cell growth. This furthered our knowledge on signaling events in cancer biology and enabled us to face challenges posed by the abnormal cellular events resulting in cancer. Epidermal growth factor receptors (EGFRs) are a large family of receptor tyrosine kinases (TK) expressed in several types of cancer, including breast, lung, esophageal, and head and neck. EGFR and its family members are the major contributors of a complex signaling cascade that modulates growth, signaling, differentiation, adhesion, migration and survival of cancer cells. Due to their multidimensional role in the progression of cancer, EGFR and its family members have emerged as attractive candidates for anti-cancer therapy [1] . Specifically the aberrant activity of EGFR has shown to play a key role in the development and growth of tumor cells, where it is involved in numerous cellular responses including proliferation and apoptosis [2] . This review encompasses the complexity of this highly conserved EGFR signaling module and the central role it plays in a diverse array of biological processes.
Ligand binding and structural elucidation of EGFR
The ErbB family of receptors comprises of four known members namely ErbB1/EGFR/ HER1 (in humans), ErbB2/HER2/Neu, ErbB3/HER3 and ErbB4/HER4. Throughout this review, the receptors of the EGFR family will be represented as EGFR, HER2, HER3 and HER4. They are transmembrane glycoproteins with molecular weights ranging from 170 to 185 KDa [3] . Structurally, the ErbB family members consist of (i) a cysteine-rich, extracellular N-terminal ligand binding domain and a dimerization arm, (ii) a hydrophobic transmembrane domain, and (iii) an intracellular, highly conserved, cytoplasmic C-terminal tyrosine kinase domain with several phosphorylation sites. Since the intracellular tyrosine kinase domain is highly conserved, the variable extracellular ligand binding domain enables binding to different ligands. Further, the extracellular region of EGFR is subdivided into four domains (I, II, III and IV) (Fig. 1a) [4, 5] . The crystal structure of the ectodomains of EGFR, HER3 and HER4 revealed two distinct conformations: (i) a closed, inactive conformation and (ii) an open, active conformation. In the closed conformation, domains II and IV interact with each other at the intermolecular level, thus preventing domains I and III from interacting with their cognate ligand [6, 7] . Both the open and closed conformations remain in equilibrium with each other [8, 9] . The open conformation is facilitated by the moving away of domains II and IV, thereby enabling domains I and III to expose their ligand-binding pocket and interact with their corresponding ligand. As a result, the dimerization arm in domain II then interacts with an identical dimerization arm of another receptor molecule to form a homodimer [4, 5] . The closed conformation is favored in the absence of a ligand. However, binding of a ligand shifts the equilibrium and stabilizes the open conformation, further enabling the accumulation of active homodimers and maintaining active receptor signaling [8, 9] . In addition EGFR promotes heterodimerization with other members of the HER family, including HER2, HER3 and HER4. Thus, EGFR may initiate cellular signaling cascades by itself through homodimerzation or through transactivation with other HER family members (heterodimerization). It has been previously shown that various ligands can induce specific heterodimerization, for example EGF can induce heterodimerization of EGFR with HER2, HER3 or HER4. Similarly NRG4 induces heterodimerization of HER4 with HER1, HER2 and HER3 [10] . Thus homo and heterodimerization of EGF receptors facilitates complex signaling cascades.
ErbB family members can be activated by 13 known ligands, which include EGF, transforming growth factor alpha (TGF-α), amphiregulin (AR), betacellulin (BTC), heparinbinding EGF-like growth factor (HB-EGF), epiregulin (EPR), epigen (EPG) and neuregulins 1-6 (NRG) [10, 11] . Among these ligands, EGF, TGF-α, AR, BTC and EPR bind specifically to HER1. A characteristic feature of HER2 is its inability to bind to any of the known ligands of the EGFR family. However, recent studies from our lab have shown that HER2 is regulated and stabilized by MUC4 mucin further potentiating HER2 and its downstream signaling in pancreatic and ovarian cancer [12, 13] . Absence of ligand binding property of HER2 mandates that its activation occurs only as a consequence of a heterodimer formation with EGFR, HER3 or HER4 to generate high-affinity complexes for different ligands. On the other hand, HER3 acts as a receptor for growth factors of the Herregulin-1(HRG-1) and HRG-2 groups. BTC, HB-EGF, EPR and proteins from the HRG groups also bind specifically to HER4. Since HER3 has no intrinsic kinase activity and signals only when dimerized with another ErbB receptor, blocking the TK activity of EGFR, HER2, and HER4 precludes HER3 signaling [14] (Fig1b).
General mechanism of EGFR signaling activation and initiation of a diverse array of cellular pathways
Activation of EGFR signaling is triggered by ligand-induced receptor dimerization following which the tyrosine residues present in the intrinsic kinase domain of one receptor cross phosphorylates specific residues in the C-terminal tail of the partnering receptor, thus providing a scaffold for the recruitment of effector proteins [15, 16] . This occurs via the Src homology 2 (SH2) and phosphotyrosine binding (PTB) domains on the effector proteins and the phosphotyrosine motif present on the intracellular tyrosine kinase domain of the receptor. On subsequent dissociation, the activated adaptor and effector proteins will further stimulate their corresponding signaling cascades, which include the KRAS-BRAF-MEK-ERK pathway, phosphoinositide 3-kinase (PI3K), phospholipase C gamma protein pathway, the anti-apoptotic AKT kinase pathway and the STAT signaling pathway, which leads to cell proliferation, angiogenesis, migration, survival, and adhesion [10, 17] . These cellular processes are often deregulated in malignant cells due to the several mutations harbored in various genes involved in these pathways.
Internalization and endosomal sorting of EGFR
EGFR signaling is primarily diffused through the process of internalization, ubiquitination and degradation of the receptor-ligand complex, resulting in the transient down-regulation of EGFR [11] . Upon signal termination, the receptor-ligand complex (EGF-EGFR) is internalized through clathrin coated pits (CCP) from the plasma membrane. These CCPs pinch off from the membrane to give rise to endocytic vesicles that fuse with the early endosomes (EE), thereby releasing the receptor complex in the EEs. After its translocation in to the EEs, the receptors can undergo either one of the two distinct processes that will determine their fate: they can either be recycled back to the cell surface or be taken up into the intraluminal vesicles (ILVs), a pathway eventually leading to the lysosomal degradation of EGFR. In the EEs, EGFR interacts with the clathrin-binding protein AP-2 showing similarity with constitutively endocytosed receptors, such as transferrin and low-density lipoprotein receptor for sorting in the CCP [18, 19] . However, direct interaction of EGFR and AP-2 is not necessary for EGFR internalization [20] . Hence other interacting partners are required for EGFR in the CCPs to facilitate sorting into the plasma membrane microdomains. Additionally, EGFR kinase activity has been shown to be important for the CCP sorting mechanism [21] . Hence the various interacting partners should bind to the EGFR modifications present in its activated state (i.e. the residues are either phosphorylated or ubiquitinated) to enable sorting.
The docking sites created as a result of the cross phosphroylation between the two dimerizing receptors, allow the receptors to interact with adapter molecules such as Grb2 and Casitas B-lineage lymphoma proto-oncogene (Cbl), an ubiquitin ligase. Cbl is responsible for promoting EGFR ubiquitination, which adds mono or polyubiquitins to EGFR [22] . Cbl can bind directly to EGFR by binding to the single phosphorylated tyrosine residue on EGFR (Y1045) or bind indirectly to phosphorylated Y1068 and Y1086 of EGFR via its interacting partner Grb2 [23, 24] . The binding of Cbl with phosphorylated Y1045 is not necessary for EGFR endocytosis as it has been shown that the Y1045F mutant of EGFR cannot bind with Cbl directly but still efficiently internalized as the wild-type EGFR [22, 25] . On the other hand, the binding of Cbl to EGFR via Grb2 is important for receptor internalization [26] . It has long been assumed that the key signal for the EGFR translocation to CCPs is the Cbl-mediated ubiquitination (multiple monoubiquitination) of EGFR. EEs containing internalized EGFR will mature in to late endosomes (LEs), and ubiquitinate EGFR in ILVs, which will eventually be degraded by lysosomes [27].
Ligand receptor stabilization in the endosomes
The stability of the activated receptor-ligand complex in the EEs is highly regulated by the pH (mild acidic) of the environment. Activated homodimers are comparatively stable and remain harbored with Cbl, which ultimately leads to its endocytic sorting to lysosomes for receptor degradation. In contrast, heterodimers, such as EGFR-HER2 are less stable and undergo uncoupling in EE, causing Cbl to dissociate from the receptor-ligand complex and result in the receptor recycling back to the cell surface [28] . In addition, different EGFR ligands undergo different fates during endosomal trafficking. For example, the EGF-EGFR complex undergoes the degradation pathway, whereas the TGF-α-receptor complex follows the recycling pathway [29] . This difference in the stability of the ligand-receptor complex and the ligand dependent choice of degradative/ recycling pathway is largely dependent on the low pH in the endosomes [30].
Nuclear accumulation of ErbB family members and transactivation of signaling
EGFR family members initiate signaling from the cell membrane and the signal is transmitted to the nucleus via cytoplasmic intermediates [31] . Several tyrosine kinase receptors like the VEGF receptor, FGF receptor and NGF receptor or their fragments have been known to enter the nucleus from the plasma membrane by various mechanisms and may act as a kinase or a transcription factor in the nucleus. EGFR and its family members such as HER2, rat p185neu, HER3, and truncated C-terminal HER4 have been consistently detected in the nucleus of tumor specimens of various organs such as breast, oral cavity, esophagus, ovary, cervix, skin and prostate with poor clinical prognosis [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] . Several lines of evidence suggest that receptor internalization is the initial step for nuclear translocation and involves interaction with nuclear import proteins such as importin beta1 for HER2 and importin beta1 and importin alpha1 for EGFR [42, 43] . EGFR and HER3 have been shown to translocate to the nucleus as intact full-length receptors. In contrast only the intracellular C-terminal fragment of HER4 translocates into the nucleus after undergoing gamma secretase mediated cleavage [44] . Though the full-length HER2 was found in the nucleus, it is unclear whether the intracellular domain (ICD) of HER2 can alone translocate into the nucleus like HER4. This nuclear accumulation of HER family members has been attributed to the existence of nuclear localization signals (NLSs) within the C-terminal region of HER3, HER4 and a putative juxtamembrane region of EGFR. Although the nuclear translocation of HER2 has been reported, the molecular mechanism underlying the nuclear targeting of HER2 remains unclear [37, 39, 45 ].
In addition, recent reports pointed out that EGFR receptors lack a putative DNA binding domain, so it is presumed that following nuclear entry these EGFR receptors will interact with DNA binding transcription factors such as signal transducer and activator of transcription 3 (STAT3), STAT5A, E2F1, DNA-dependent protein kinase (DNA-PK), and proliferating cell nuclear antigen (PCNA) [46, 47] which also accounts for the EGFR family members nuclear accumulation event. It is also proposed that the nuclear import of EGFR regulates gene expression by binding to an AT-rich sequence (ATRS) of the target gene's promoter [31, 39] . Recent reports also indicate the RNA helicase A (RHA) is a DNAbinding partner of EGFR and regulates the transcription of its target genes in the nucleus of cancer cells [48] . To this end, frequent overexpression of inducible nitric oxide synthase (iNOS), cyclin D1, and B-Myb are associated with the promoter binding ability of the nuclear accumulated EGFR with STAT3 and E2F1 cofactors [31, 46, 47] (Fig. 2 ).
EGFR targeted therapies
Given the functional involvement of EGFR in diverse cellular processes, several approaches have been developed that target and interfere with EGFR mediated effects. Two distinct therapeutic approaches currently employed for targeting EGFR in various human malignancies are the use of monoclonal antibodies and small molecule tyrosine kinase inhibitors ( Table 1) . Each of these approaches have distinct mechanism of action; while anti-EGFR antibodies bind to extracellular domains and TK inhibitor target the intra cellular TK domain. Recent studies have indicated the use of various chemopreventive agents in downregulating EGFR at gene level (Fig. 3) . Furthermore, several studies have substantiated and conferred significant benefits of anti-EGFR agents in several types of solid tumors including colorectal, head and neck cancer, NSCLC and pancreatic cancer in terms of overall survival, progression free survival and overall response rate [49-53].
Anti-EGFR monoclonal antibodies
The monoclonal antibodies against EGFR were specifically designed to be directed against the extracellular region of EGFR which creates a ligand competitive inhibition, thus preventing receptor dimerization, auto-phosphorylation and downstream signaling [54] . Apart from inhibiting EGFR signaling, these monoclonal antibodies will induce receptor internalization, ubiqutinization, degradation and prolonged downregulation [55] . Interestingly, there are two other proposed mechanisms of action, where the binding of the monoclonal antibody may lead to the induction of antibody dependent cell mediated cytotoxicity resulting in the induction of endocytosis and, to a lesser extent, complement mediated cytotoxicity [56] .
Cetuximab-(IMC-C225
/ Erbitux) is an FDA approved human-murine chimeric anti-EGFR monoclonal antibody. [57] . Cetuximab binds to the second (L2) domain of EGFR thereby blocking its downstream signaling by prompting receptor internalization and encumbering ligand-receptor interaction. Increasing evidence shows that 60% of the patients expressing a KRAS wild-type tumor respond effectively to cetuximab treatment. This supported the use of KRAS as a biomarker in predicting tumor response in patients with EGFR positive, KRAS wild-type advanced colorectal cancer [58] . Cetuximab is used as a monotherapy in patients who have failed with irinotecan and oxaliplatin based chemotherapy. In patients using cetuximab as monotherapy, the tumor regression rate was 10.8% and tumor growth was delayed by 1.5 months [59] [60] [61] . However a recent study that combined cetuximab with oxaliplatin and capecitabine did not show any benefit even in patients with wild-type KRAS tumors [62] . In 2008, the Committee for Medicinal Products for Human Use (CHMP) approved Cetuximab for patients with advanced colorectal cancer who had 75% EGFR positive expression and wild-type KRAS in their tissues and had failed oxaliplatin-or irinotecan-based chemotherapy. Cetuximab was approved by FDA in 2004 and by CHMP in 2008 in combination with platinum-based therapy for the treatment of patients with squamous cell carcinoma of the head and neck with metastatic disease and in combination with radiation therapy for locally advanced cancer. Raben et al investigated the antitumor activity of cetuximab on four non-small cell lung cancer (NSCLC) cell lines, with H157(high), A549, H226 (moderate) and H322 (low) EGFR expression, in monotherapy, and in combination therapy with ionizing radiation where cetuximab reduced the rate of cellular proliferation in vitro [63] . The available clinical data on cetuximab in advanced NSCLC are contradictory and cetuximab is currently undergoing phase III trials in advanced NSCLC. Apart from EGFR inhibition, cetuximab also down regulated VEGF, IL-2 and bFGF [64, 65] .
Panitumumab-(formerly ABX-EGF)
is the first FDA (2006) approved human monoclonal antibody used for the treatment of EGFR-expressing metastatic colorectal cancer. It is a human monoclonal antibody specific to human EGFR, developed by immunizing transgenic mice (XenoMouse) that are capable of producing light and heavy chains of human immunoglobulin [66] . Preclinical studies with ABX-EGF have shown that 50% inhibitory concentration (approximately 3 nmol/L) is required to eliminate large tumors of human origin in xenografts in nude mice and to prevent solid tumor formation [67] . Previous findings have shown that activating mutations in the KRAS gene resulted in EGFR-independent activation of MAPK signaling in colorectal cancer. Hence, colorectal cancer patients carrying the wild-type KRAS showed a promising response to panitumumab treatment [68] . Recently, in a meta-analysis study Petrelli et al demonstrated the effectiveness of two USFDA approved monoclonal antibodies (cetuximab and panitumab) used independently or in conjunction with chemotherapy in KRAS wild type patients with metastatic colorectal cancer. Addition of the targeted agent improved response rates (RR -1.69; p = 0.003), progression free survival (HR -0.65; p = 0.0006) and overall survival (HR -0.84; p = 0.03)[51].
EGFR targeted tyrosine kinase inhibitors
Tyrosine kinase inhibitors (TKI) are small molecules that are either reversible or irreversible by nature. They exist as adenosine triphosphate (ATP) analogues and inhibit EGFR signaling by competing and binding with ATP binding pockets on the intracellular catalytic kinase domain of receptor tyrosine kinases (RTKs), thereby preventing autophosphorylation and activation of several downstream signaling pathways [69] . Type I and II reversible inhibitors compete with ATP molecules that recognize the kinase active conformation. Irreversible inhibitors bind to the kinase active site covalently by specifically reacting with a nucleophilic cysteine residue. In addition, irreversible inhibitors have the advantage of prolonged clinical effects and a decreased need for frequent dosing, although it may compromise specificity and tolerability [70] . However, a safety profile of these targeted strategies should also be considered as the use of EGFR inhibitors (as a single agent or in combination therapy) results in cutaneous skin toxicities (rashes) such as acneiform eruptions, hyperpigmentation, xerosis, trichomegaly, paronychia etc. The immediate side effect associated with HER1/EGFR inhibitor is mostly mild to moderate, but in some patients it can even lead to a reduction in the dosage level of that particular therapeutic agent or even cessation of the treatment but most of the side effects will be temporary reactions against the inhibitor treatments and will be resolved after a few weeks of discontinuing the therapy [71] [72] [73] . Further the side effects of the approved TKI's (Erlotinib and Gifitinib) and monoclonal antibodies (Cetuximab and Panitumumab) are discussed in table.1.
Gefitinib-(ZD1839/Iressa):
Gefitinib is an anilinoquinazoline derived EGFR tryrosine kinase inhibitor and was first characterized in the year 1996 [74, 75] . It is an orally active low-molecular-weight EGFR inhibitor with selective tyrosine kinase activity but does not inhibit serine-threonine kinase activity. Gefitinib has a 200-fold greater affinity for EGFR relative to the other ErbB family members [76] . It demonstrates good noncompetitive interference with EGFR-specific ligand signaling and prevents autophosphorylation of EGFR in various EGFR-positive tumor cell lines and xenografts [74] . Due to the overexpression of EGFR, gefitinib is approved for the treatment of patients with NSCLC after failure of both platinum-based or docetaxel chemotherapies. Clinical studies with gefitinib have revealed that dosages of 250 or 500 mg daily is the estimated measurement in the IDEAL (Iressa Dose Evaluation in Advanced Lung cancer) 1 trial. Also, similar results were obtained in the IDEAL-2 trial, where the inhibition of EGFR resulted in a 70% increase in patient responses. The maximal tolerated dosage, assessed in phase I trials, is 700 mg/day; however, the dosage of 250 mg per day was fixed for subsequent studies as the biological half-life of gefitinib is 28 hours and peak plasma concentration after it gets absorbed is 3-7 hours. The preliminary results of gefitinib in the treatment of lung cancer are encouraging as the results from two randomized phase II trials show that gefitinib is the first anti-EGFR agent that exhibited clinically proven anti-tumor effect in patients of NSCLC [77, 78] .
Gefitinib showed significant anti-proliferative effects when orally administered in A549 NSCLC, MCF-7 breast carcinoma, HX62 ovarian, prostrate and colorectal carcinoma human xenograft models at a low nanomolar concentration [74] . However, it is estimated that higher concentrations may be required to block in vivo EGFR activity due to the high intracellular concentration of ATP [79] . It has also been observed that at concentrations more than 100-fold, gefitinib inhibits other tyrosine kinase receptors including HER2 [79, 80] . Though the specific mechanism of anti-proliferative activity of gefitinib is not clear, it is contemplated that it up-regulates cyclin-dependent kinase (CDK) inhibitor p27 and downregulates transcription factor c-fos, resulting in the inhibition of CDK activity and G1 phase cell-cycle arrest [79] . Earlier studies have shown that gefitinib can also inhibit cell growth in HER2-overexpressing breast cancer cells [80, 81] .
Combination therapy of gefitinib with standard cytotoxic drugs (topoisomerase I inhibitors, platinum and taxanes,) has produced a dose-dependent supra-additive increase in growth inhibition in vivo without an increase in severity of co-administrated cytotoxic drugs [69, 82] . Also, a synergistic anti-tumor and pro-apoptotic effect was obtained when cancer cells from the human colon, ovarian, lung, and breast were treated with ionizing radiation. A significant expression of several genes like STAT1, STAT3, STAT5A, STAT5B, and betacatenin were correlated and considered as candidate markers for predicting a response to gefitinib in a larger patients cohort study [83] . However these strategies have not yet been proven to be efficacious in the clinical setting.
Erlotinib-(OSI-774;
Tarceva): Erlotinib hydrochloride is another FDA-approved low molecular weight molecule similar to gefitinib, available in the form of an orally potent and selectively reversible inhibitor of EGFR tyrosine kinase. Like gefitinib, erlotinib functions as an ATP analogue by competing with ATP binding pockets within the RTKs. Also, it exerts anti-proliferative effects, cell-cycle arrest and apoptosis [84, 85] . Studies in human cancer cells found that it inhibits EGF-dependent cell proliferation at nanomolar concentrations and blocks cell-cycle progression in the G1 phase [84] . Erlotinib is currently approved in patients with relapsed NSCLC and for maintenance therapy in advanced NSCLC patients whose disease had not progressed after four cycles of platinum-based firstline chemotherapy. It is also approved for use in locally advanced, unresectable or metastatic pancreatic cancer patients in combination with a gemcitabine [49, 53].
A randomized study in patients having advanced NSCLC and who had failed standard cytotoxic chemotherapy, showed improved clinical symptoms and a better survival rate with erlotinib [84, 86, 87] . Similarly, in another clinical study with advanced stage or recurrent metastatic NSCLC patients who were positive for EGFR and exposed to platinum-based therapy, erlotinib showed improved clinical symptoms [88] . Erlotinib, when combined with carboplatin/gemcitabine or cisplatin/paclitaxel in two separate randomized phase III studies did not produce a survival advantage over chemotherapy alone [89] [90] [91] 
Lapatinib-(GW-572016):
Lapatinib is an orally active, reversible and specific RTK inhibitor of both EGFR and HER2 as well it was also found to exhibit activity against an found to have activity against AKT overexpressing human tumor xenografts [93] . Due to its nonselective nature of EGFR inhibition, it accounts for a broader spectrum of anti-tumor activity with improved efficacy. Similar to that of gefitinib and erlotinib, this molecule also binds to the ATP binding pocket of both recombinant EGFR and HER2 protein kinase by 50% (IC50) at concentrations of 10.8 and 9.3 nmol/L, respectively [94] , thus preventing auto phosphorylation and subsequent inhibition of downstream signaling. Preclinical studies showed that lapatinib inhibits the proliferative effect of HER2-overexpressing BT474 breast cancer at low concentrations (100nmol/L). On the other hand, lapatinib inhibits MCF-7 and T47D human breast cancer cells at 30-to 40-fold higher concentrations. A series of preclinical studies have shown significant inhibitory effects when lapatinib is used as a single agent or when combined with trastuzumab in HER2-positive breast cancer cells [94] .
Clinical trials conducted for lapatinib in breast cancer patients revealed that it is effective in patients expressing HER2-positive breast cancer based on which the USFDA approved lapatinib in 2007 for the treatment of metastatic breast cancer [95] . But lapatinib was also found to additionally affect EGFR as well. A phase III study with advanced breast cancer has demonstrated that the combination of lapatinib and capecitabine was superior to capecitabine alone in HER2-positive breast cancer patients [96] . A double-blinded, multicenter study consisting of 1286 patients with advanced breast cancer, of which 219 had HER-2 positive tumors, revealed that the combination of lapatinib and letrozole had improved the progression-free survival when compared to monotherapy with letrozole alone [97] [98] [99] . Phase II studies with lapatinib in recurrent or metastatic EGFR or HER2 positive adenoid cystic carcinoma and nonadenoid cystic carcinoma of the salivary gland showed that lapatinib was a well-tolerated cytostatic drug with prolonged tumor stabilization [100] .
Canertinib-(CI-1033):
Canertinib is a 3-chloro 4-fluoro 4-anilinoquinazoline compound. It is an orally active low-molecular-weight irreversible pan-EGFR family TKI [101] . This is a new generation TKI, designed to alkylate a cysteine residue specific to ErbB family receptors, resulting in irreversible inhibition of these receptors and their downstream mitogenic signaling pathways. CI-1033 binds to the ATP binding pocket and the acrylamide side chain at carbon 6, and closely associates with cysteine residue 773 of EGFR and residues 784 and 778 of HER2 and HER4, respectively resulting in their permanent inactivation. On the other hand, it also effectively inhibits HER3-dependent signaling due to the unavailability of partner receptors for heterodimerization of EGFR family members [102, 103] . Due to this characteristic feature, CI-1033 exhibits greater efficacy and a broader spectrum of anti-proliferative activity. In a previous in vitro study in colorectal carcinoma and head-and-neck carcinoma that co-express activated forms of EGFR and HER2, canertinib was able to block cell growth and further down-regulate targeted specific genes which were postulated to be important for in vivo neoplastic cell transformation and also, a recent study evaluated that the critical role of ERK1/2 and its phospho form [104] . They showed that the in vitro and in vivo inhibitory effects of CI-1033 in combination with radiation therapy which inhibited proliferation and ERK1/2 phosphorylation [104] . A study by Ako et al 2007 has shown that canertinib inhibits cancer cell growth in a dose-dependent manner in esophageal cancer cell lines (TT, TE2, TE6 and TE10) which co-express EGFR and HER2 with simultaneous inhibition of MAPK and AKT [105] . It has been recently demonstrated that canertinib could potentially induce apoptosis in HL 60 and U 937 human leukemia cell lines in an EGFR independent manner, which further proves that this drug is a potential candidate for the treatment of patients with acute myeloid leukemia (AML) [106] .
Additionally, CI-1033 holds promise as a novel anti-cancer agent as it can act synergistically with several other anti-cancer agents such as gemcitabine, resulting in the suppression of mitogen-activated protein kinase (MAPK) and AKT in HER2 overexpressing breast cancer cell lines MDA-MB-453 and BT474 [107] . In breast cancer cell lines overexpressing EGFR, CI-1033 synergistically inhibited growth with both ionizing radiation and cisplatin [108, 109] . CI-1033 can also inhibit the constitutively active mutant EGFRvIII.
Additionally, it not only inhibits tyrosine phosphorylation but it also induces ubiqutination and endocytosis of the receptors. Growth inhibition and apoptosis can be achieved in 1 micromolar or nano molar range and this selectivity explains the minimal toxicity observed in multi-dose animal studies [110] . Similar inhibitory effects were also reported against HER3, further leading to intracellular degradation of HER2. In EGFR and HER2 dependent preclinical models, canertinib produces rapid, irreversible inhibition of receptor phosphorylation, without blocking tyrosine kinase activity of other receptors such as platelet-derived growth factor receptor (PDGF), fibroblast growth factor receptor (FGFR) and insulin receptor [76] . Canertinib has been shown to have activity against a variety of human breast carcinomas in both in vitro and in vivo tumor xenograft models [111] .
EGFR mutations and its therapeutic implications
EGFR mutations play a critical role in imparting oncogenic potential to the cells, which in turn, results in various malignancies. The most frequently activated mutations of EGFR were found to be point mutations and in-frame deletion mutations. The latter are termed as EGFR variants, named in the order of their discovery (EGFRvI to EGFRvV), and have been found to be associated with oncogenesis. The most common among them is the constitutively active, oncogenic mutant EGFR type III (EGFRvIII) resulting from deletions of exon 2-7. EGFRvIII has been shown to induce oncogenic transformation of mouse fibroblasts and is associated with poor prognosis in NSCLC, breast and glioblastoma patients [112, 113] . EGFR somatic mutations are inimitable and are a more common trait for a subset of NSCLC patients (Women, East Asian, non-smokers), although infrequent, it was also found in squamous cell carcinomas of the lung and other epithelial malignancies [114, 115] . Inframe deletion mutation (exon 19 deletion) of EGFR accounts for 45% of mutations and point mutation (L858R in exon 21) accounts for another 40% of mutations while the remaining 10-20% accounts for exon 18 and exon 20 deletion (Fig. 1a) . Details of EGFR mutations were elaborately discussed in a review written by Kuan et al. 2001 [116] . All of these are activating mutations due to which downstream proliferative, prosurvival and antiapoptotic signals are turned on [115] . KRAS and EGFR mutations have been found to be overlapping in NSCLC patients. This could explain their primary resistance mechanism to erlotinib and gefitinib [117] . EGFR T790M recurrent mutation accounts for 50% EGFR mutation cases, which display a resistance mechanism to TKI's such as gefitinib and erlotinib [118, 119] . In addition the mechanisms of primary and secondary resistance were reviewed by Nguyen et al. and several others [120, 121] . Further it has been shown that by using EGFR specific irreversible inhibitors in vitro, these resistances can be overcome.
It has been reported that the presence of somatic mutations in the tyrosine kinase domain of the EGFR gene predicted response to gefitinib and were associated with an improved outcome [122] . It is now apparent that NSCLC with mutations in the EGFR are a distinct subgroup of NSCLC that is particularly responsive to EGFR tyrosine-kinase inhibitors (TKIs). Biomarker analyses in multiple studies have indicated that patients with EGFR mutations have a pronounced response to EGFR TKIs [123] [124] [125] . Recent studies evaluating EGFR TKIs in patients with these activating EGFR gene mutations demonstrated a consistent improvement in progression-free survival, but none of these trials have demonstrated an improvement in overall survival [126] [127] [128] .
Other novel therapeutic approaches
Recently, cancer chemoprevention has gained considerable attention, due to its use of dietary bioactive compounds, either alone or in combination with other anti-cancer drugs, to prevent cancer progression. It has been reported that capsaicin inhibits invasion and migration of human HT 1080 fibrosarcoma cell lines in EGF-induced phosphorylation of FAK, PKC, Akt, Raf, ERK1/2,p38 and MAPK and down regulation of MMP-9, indicating capsaicin as a novel anti-cancer and anti-metastatic agent [129] . Similarly, another molecule that has gained a lot of attention in chemoprevention is curcumin. In vitro studies show that pancreatic cancer cells treated with curcumin enhances apoptosis by suppressing the activity of ERK, as well as by down regulating EGFR signaling in pancreatic cancer [130] . Apart from the above mentioned dietary bioactive compounds, a combination therapy of erlotinib and genistein (a naturally occurring isoflavone present in soybean) potentiates growth inhibition and enhanced apoptosis in pancreatic cancer and NSCLC by down regulating EGFR, survivin and Bcl-xL [131] . It has been hypothesized that genistein enhances the activity of EGFR-TKIs in NSCLCs via the inhibition of NF-κB. Additionally the anti-tumor activity of EGFR-TKIs is found to correlate with the down-regulated levels of Akt. It is well established that Akt activates NF-κB, which in turn transcribes genes that are important for cell survival, invasion and metastasis. Thus, it is apparent that the addition of genistein to EGFR-TKIs in the NSCLC cell lines elevates the anti-tumor effect through down-regulation of NF-κB [132] .
Emerging role of EGFR signaling in the tumor microenvironment
In addition to neoplastic cells, the tumor microenvironment (TME) contains many cell types including endothelial cells and their precursors, inflammatory cells, pericytes, neutrophils, fibroblasts, T and B lymphocytes, natural killer cells (NK), antigen presenting cells (APC) and components of the extracellular matrix (ECM). There is growing consensus that the components of TME play an active role in tumor initiation and progression. Recent findings show that EGFR is expressed in almost all non-neoplastic cell types, except in the mature cells of the lymphohemopoietic system [14] . It is believed that active EGFR signaling in the non-neoplastic cells of the TME plays a supportive role in tumor cell proliferation, angiogenesis and metastasis [133] . EGFR signaling activation can stimulate the synthesis and secretion of a number of angiogenic regulating factors, such as vascular endothelial growth factor (VEGF), Interleukin-8 (IL-8) and basic fibroblast growth factor (bFGF) [134] . Tumor stimulated angiogenesis is regulated by potent pro-angiogenic factors such as EGF and TGF-α [135] . The main signaling pathway activated by EGFR is the Ras/PI3K pathway where VEGF mRNA expression was observed in glioblastoma cells [136] . Experimental stimulation of glioma cells by EGF resulted in the overexpression of VEGF, which was found to be associated with PTEN, a negative regulator of PI3K/AKT signaling [137, 138] . It has been shown that mutated PTEN synergizes with EGFR activation to elevate VEGF mRNA expression in glioblastoma cells [138] . Similarly, gefitinib significantly inhibited both the basal and EGF-induced production of VEGF in prostate cancer cells [139] . In addition, it was shown that gefitinib transcriptionally down regulated VEGF expression by decreasing the binding ability of the transcription factor Sp1 to the VEGF promoter in squamous cell carcinoma cells [138] . When nude mice bearing orthotopically implanted human pancreatic carcinomas were treated with a TKI PKI 166, a significant reduction in VEGF and IL-8 secretions by the tumor cells was observed [140, 141] . Parallel observations were obtained with the anti-EGFR C225 (cetuximab) antibody where a significant reduction of VEGF, both at the transcriptional and translational levels in A431 vulvar squamous cancer cell lines, was observed [142] . In head and neck squamous carcinoma cells (HNSCC), exogenous EGF resulted in a significant reduction of both VEGF and IL-8 levels when treated with C225 or with EGFR tyrosine kinase inhibitor PD15035 [143] . Perrotte et al observed a marked reduction in the expression of three angiogenic factors, VEGF, IL-8 and bFGF, in bladder cancer and transitional cell carcinoma (TCC) when treated with C225 antibody. While these in vitro studies demonstrated the potential involvement of EGFR signaling tumorigenic events in the TME specifically angiogenesis no reduction in the levels of the angiogenic factors were observed in vivo in following geftinib treatment for prostate cancer [65] .
Expert opinions
Exploring the EGFR family members and their corresponding signaling pathways have provided us with an unfathomable knowledge in understanding the molecular basis of epithelial malignancies. This has enabled us to develop EGFR-targeted therapies, many of which have been approved for human use. Since EGFR plays an integral role in malignant cell growth, proliferation, motility and survival of cancer cells and is widely observed in several malignancies, it was one of the first molecules to be selected for the treatment of cancer. Although this signaling cascade has been studied for more than 25 years, several aspects still remain elusive to us. For instance, it is unclear how the mutational status, gene copy number and EGFR overexpression impacts various intracellular signaling pathways in cancer. This remains as a major obstacle owing to the cross talk between EGFR family members and other signaling pathways, leading to therapeutic resistance. Research has to be focused in other directions, such as identifying a biomarker that can predict anti-EGFR therapy response. One good example is the KRAS gene mutation, which is a part of the downstream signaling pathway of the EGFR family members. Thus mutational status can predict the therapeutic response for the USFDA-approved EGFR monoclonal antibody cetuximab.
Currently, monoclonal antibodies and small molecule inhibitors of tyrosine kinase are the most preferred therapeutic strategies used, either alone or in combination with radiation or chemotherapy. Previous studies suggest that chemotherapy has the potential to affect normal cells in addition to neoplastic cells and thus therapies using compounds that specifically inhibit a target molecule (monoclonal antibodies or TKI) in a more specific subpopulation of neoplastic cells will have a direct implication on disease progression. Further, specific inhibition of receptor tyrosine kinases may be a lucid strategy to inhibit cancer cell function that strongly relies on its downstream signaling pathways. Therefore specific inhibitors which are currently under preclinical and clinical evaluation are a better strategy. One major advantage of using TKI's over monoclonal antibodies is their ability to inhibit cells that either do not over express or carry the mutant receptor or carry the truncated forms of the receptor that are constitutively activated.
Among the available therapies, irreversible TKIs appear to be the better choice when compared to monoclonal antibodies and other reversible inhibitors as they exhibit sustained action. However their major drawback is their non-specificity and TK point mutation that can lead to resistance. In addition, the molecule should 1) be orally active, 2) perform well when used alone, 3) exhibit differential cytotoxicity, 4) have high efficacy, 5) not cross react, 6) have a sustained drug effect, and 7) do not develop resistance when used in combination with radiation and other therapies. Additionally the combined use of a chemotherapeutic tyrosine kinase inhibitor with a chemopreventive agent can potentially have an adjuvant action by inhibiting transcriptional factors and intercepting the autocrine loops generated by the activation of EGFR. It can also be critical in reversing chemoresistance and radioresistance of chemopreventive agents improving their efficacy and by reducing any compensatory mechanism and toxicity. 
